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Liu, Shih, Kao, Cheng and Hsieh COX-mediated inflammation may contribute to the development of T2DM in some individuals (22) . Moreover, T2DM in elderly men has been related to COX-mediated inflammation and oxidative stress, reflected by enhanced prostaglandin formation and elevated 8-iso-prostaglandin F 2α (13) .
High-dose aspirin has been documented to improve glucose metabolism in T2DM (20) and COX2 selective inhibitor such as celecoxib 200 mg daily increased insulin sensitivity in healthy subjects (11) . In addition, El Midaoui et al. showed that dietary aspirin reduced insulin resistance, vascular superoxide formation and elevated blood pressure in rats on high dietary glucose for 3 weeks (7) . Nevertheless, some case reports showed that COX2 inhibitors could induce hypoglycemic episode when overconsumed or taken in combination with oral hypoglycemic drugs (26, 32) . These observations show that the changes in COX activity are involved in the regulation of glucose homeostasis under the states of normal and insulin resistance.
High dietary fructose consumption is increasingly being recognized as an important causative factor in the development of metabolic syndrome (29) . Recent advances have uncovered some of the physiological and molecular mechanisms such as renin-angiotensin activation, NADPH oxidase and inflammation (29) . A better understanding of the dietary and environmental factors that underly the current epidemic of the metabolic syndrome is critical to curbing the rise in the populations of metabolic syndrome and T2DM worldwide. Recent studies continue to highlight the key role played by fructose as an important diabetogenic nutrient, contributing to this growing epidemic (25) . Thus, the fructose-induced insulin resistant rat is an appropriate animal model for evaluating the effect of COX2 inhibition on the pathogenesis of metabolic syndrome.
However, the involvement of COX2-mediated low-grade inflammation in the development of insulin resistance in metabolic syndrome and T2DM remains ambiguous (13, 22) . Therefore, the present study was undertaken to examine the inhibitory effects of COX2 activation by selective COX2 inhibitors on the development of whole body and muscular insulin resistance in fructose-fed rats, an animal model of metabolic syndrome.
Materials and Methods

Animals
Male Sprague-Dawley rats (5-6 weeks old) were purchased from the National Laboratory Animal Breeding and Research Center, Taipei, Taiwan. The rats were housed in an animal center in National Defense Medical Center, Taipei, Taiwan. All animals were handled and housed according to the guidelines and manual set by the Committee of the Care and Use of Laboratory Animals at this institute.
The rats were randomly assigned into 2 groups and fed separately either regular or 60% fructose-enriched diet (TD89247, Teklad Primer Labs, Madison, WI, USA) for 8 weeks. The rats on fructose-diet were further divided into 3 subgroups (n = 8 per group) combined gavage with vehicle, nimesulide (30 mg/ kg/day, mesulid, a selective COX2 inhibitor, Helsinn Birex Pharmaceuticals Limited, Dublin, Ireland ) or celecoxib (30 mg/kg/day, celebrex, a selective COX2 inhibitor, Pfizer Inc, New York, NY, USA) from week 0 to the end of the study. The compressed tablet or capsule content from commercial preparations of mesulid and celebrex were weighed and crushed into a fine suspension with physiological saline (NaCl, 0.9% w/v) based on the weight of active substance quoted per tablet or capsule. These suspensions were then diluted further with saline (10 mg/ml) to give appropriate amounts of the active substance. All suspensions were made immediately before use and were not stored. Control rats were given the same solution without COX2 inhibitor. The selected doses of celecoxib and nimesulid were based on the previous study about anti-inflammatory effect of celecoxib (31) and the selectivity of COX2 of celecoxib and nimesulid (9) . In addition, the final effective doses were determined by our preliminary dose-dependent study of celecoxib and nimesulid on fructose-fed induced insulin resistance in rats.
Oral Glucose Tolerance Test (OGTT)
At the end of week 0, 4, and 8, experimental rats were subjected to an OGTT performed without anesthesia after a 24-h fasting period, as described by Whittington et al. (35) . In brief, the appropriate amount of glucose solution (2 g/ml/kg body weight) was administered by gavage right after baseline blood sample was taken from a tail-vein. Following glucose administration, four more blood samples were collected at 30, 60, 90, and 120 min. The ratio of the area under glucose curve divided by the area of insulin curve attained during the OGTT is used to reflect whole body insulin sensitivity in this study.
Muscle Preparation and Measurement of 2-Deoxy Glucose (2-DG) Uptake into Soleus Muscle
Muscle preparation. The rats were anesthetized by an injection of pentobarbital sodium (100 mg/kg body weight, i.p.), and the soleus muscles were dissected out. Soleus muscles, which are composed primarily of slow twitch (type I red fibers), were split before incubation. The soleus muscle (red muscle) has more abundant glucose transporter (GLUT) 4 protein expression than white muscle (3) . The down-regulated in red skeletal muscle but not white skeletal muscle was also noted in the state of insulin resistance (3). The resulting muscle strips, with tendons still attached at both ends, weighed 15-22 mg. Soleus strips were allowed to recover for 1 h before subsequent incubation.
Measurement of 2-DG uptake. Split soleus muscles were incubated for 30 min at 35°C in a Dubnoff shaking incubator in 2 ml of oxygenated KrebsHenseleit buffer (KHB) supplemented with 8 mM glucose, 32 mM mannitol, and 0.1% radioimmunoassay-grade bovine serum albumin (BSA) in the presence or absence of purified porcine insulin (2 mU/ ml, porcine insulin, Actrapid, Novo Nordisk A/S, Denmark). This concentration of insulin activates glucose transport maximally in our isolated muscle preparations (12) .
2-DG uptake was measured by a modification of the method described previously for 3-MG (36) . After the rinse, muscles were incubated for various lengths of time in 1.5 ml of KHB containing 1 or 8 mM 2-deoxy-D- [1,2- 3 H]glucose (2.25 µCi/ml, PerkinElmer Life and Analytical Sciences, Boston, MA, USA), 0.3 µCi/ml [U-
14 C] mannitol (PerkinElmer Life and Analytical Sciences, Boston, MA, USA), 2 mM sodium pyruvate, 0.1% BSA, and 2 mU/ml insulin. Osmolarity was kept constant in all experiments by varying the concentration of mannitol such that the sum of the 2-DG, mannitol, and pyruvate equaled 40 mosM. Muscles incubated for > 30 min were first incubated in media identical to that described above but without the radiolabeled mannitol and then transferred to media with [ 14 C]mannitol for the final 20 min of the incubation. To terminate the assay, muscles were blotted at 4°C, clamp frozen, and stored at -80°C until processed.
Muscles were homogenized in 1 ml 10% tricloroacetic acid solution. Extracts were transferred to an ice bath, vortexed, and then centrifuged at 1,000 g. Duplicate 100-µl aliquots of the muscle extract supernatant and of the incubation medium were counted for radioactivity, and the extracellular space and intercellular 2-DG concentration (µmol/ml intracellular water) were determined as previously described (36) .
Separation of free and phosphorylated 2-DG. Because 2-DG is a glucose analog that is phosphorylated but not further metabolized in the intracellular tissue space, glucose uptake in individual tissues can be estimated by determining the individual tissue content of 2-[1, 2- 3 H] DG-6-P and plasma 2-[1,2-3 H] DG profile, which was fitted with a double exponential or linear curve. The concentration of phosphorylated 2-DG in tissues was calculated as described previously (24) .
Body Weight and Blood Pressure Measurements
At the end of week 0, 2, 4, 6, and 8 in rats with different diet intervention, body weight was measured and systolic blood pressure (SBP) measurement was performed in conscious rats by indirect tail-cuff method (volume-oscillometric method) using a fully automatic blood pressure monitoring system (UR-5000, UEDA, Japan) as described before (17) .
Chemical Analysis
Whole blood glucose levels were assayed by the glucose oxidase method with a YSI glucose analyzer (YSI 2300 Plus, Yellow Springs Instruments, Yellow Springs, OH, USA). Plasma triglyceride levels were determined by using appropriate enzymatic colorimetric method (Roche Mira plus, Rochi Diagnostic systems, Inc, Basel, Switzerland). Plasma insulin levels were measured by using a commercial rat enzyme immunoassay (EIA) kit provided by Mercodia (Mercodia AB, Uppsala, Sweden). The blood samples for measuring prostaglandin E metabolites (PGEM) and 8-isoprostanes were collected into polypropylene tube containing 0.95 ml EDTA (0.05 M) and 0.05 ml indomethacin (0.04 M) to inhibit platelet generation of prostaglandins ex vivo (10) and were analyzed with commercial rat EIA kits (Cayman Chemica, Ann Arbor, MI, USA).
Statistical Analysis
Statistical analysis was performed according to the repeated measurements of one-way analysis of variance (ANOVA) followed by Bonferroni test. A probability of P < 0.05 was taken to indicate a statistical difference between means. Values are expressed as means ± SEM.
Results
Changes of Body Weight, SBP and Blood Concentrations during the Time Course Study
As shown in Table 1 , body weights were not different among rats fed regular or fructose-enriched diet. However, the body weights in fructose-fed rats treated with nimesulide (F M30 ) or celecoxib (F C30 ) for 8 weeks were significantly lower than those without treatment. Fructose feeding significantly increased SBP levels which were significantly suppressed in rats co-treated with nimesulide (F M30 ) or celecoxib (F C30 ) thoughtout the study. Fructose-induced elevation in fasting plasma insulin and triglyceride levels were significantly suppressed in those treated with nimesulide (F M30 ) or celecoxib (F C30 ). Plasma glucose levels were not different among groups.
OGTT
As shown in Fig. 1 , after fructose feeding for 4 and 8 weeks, fructose-induced decrease in the ratio of area under glucose curve divided by area under insulin curve obtained during OGTT, an index of insulin sensitivity was significantly reversed in those treated with nimesulide (F M30 ) or celecoxib (F C30 ).
Insulin-Stimulated Glucose Uptake in Soleus Muscle
As shown in Fig. 2 , the insulin-stimulated glucose uptake in isolated soleus muscle was significantly decreased in fructose-fed rats. Both nimesulide and celecoxib treatments significantly reversed fructoseinduced reduction in insulin-stimulated muscular 
Plasma 8-Isoprostanes and PGE Metabolites
As shown in Fig. 3 , plasma 8-isoprostanes were time-dependently increased in rats on fructose enriched diet. Both nimesulide and celecoxib treatments markedly suppressed fructose-induced increase in plasma 8 isoprostanes, the index of oxidative stress.
As shown in Fig. 4 , plasma PGE metabolites were mild and gradually increased in fructose-fed rats in time-dependent manner, which were significantly suppressed in fructose-fed rats co-treated with nimesulide (F M30 ) or celecoxib (F C30 ).
Discussion
The present results demonstrated that the COX2-mediated inflammation, especially via increase in oxidative stress in the development of fructose-induced whole body and muscular insulin resistance were markedly reversed in those co-treated with COX2 inhibitor, either nimesulide or celecoxib. In the meantime, fructose-induced time-dependent increase in plasma 8-isoprostane levels and PGE metabolites were also significantly suppressed in rats co-treated with selective COX2 inhibitor. The present result indicates that COX2-mediated low-grade inflammation might significantly contribute to the development of fructoseinduced insulin resistance in rats, an animal model of metabolic syndrome.
COX2-mediated inflammatory responses, particularly production of reactive oxygen species (ROS), have been documented to significantly contribute to the development of hypertension (15, 27) and other cardiovascular diseases in clinical and animal studies (33) . However, the role of COX2-mediated oxidative stress in the development of insulin resistance remained unclear. The present result demonstrated that COX2 inhibition significantly suppressed the development of fructose-induced whole body and muscular insulin resistance, implying the importance of COX2-mediated low-grade inflammation in the pathogenesis of insulin resistance in metabolic syndrome and T2DM. In support to our contention, a recent clinical study (13) shows that T2DM in elderly men is related to COX-mediated low-grade inflammation, reflected by enhanced prostaglandin formation. In this study, the oxidative injury appeared in a later process in the pathogenesis of diabetes, possibly related to inflammation. Furthermore, it has been shown that a metabolite of thromboxane A2, a COX-mediated product primarily formed in the thrombocytes, is associated with T2DM (4, 5). These observations indicate that COX2-mediated inflammatory response is important in the etiology of the development of insulin resistance in early stage of T2DM.
In addition, fructose-fed rat is an animal model of metabolic syndrome characterized by hyperinsulinemia/ insulin resistance, hypertriglyceridemia and hypertension (16, 18) . Previous study has demonstrated that COX-downstream prostaglandins, such as prostacyclin and thromboxane metabolites, were significantly increased in rats with fructose feeding for 7 weeks. Chronic thromboxane synthase inhibition prevents fructose-induced hypertension but not insulin resistance, suggested that COX2-mediated inflammatory responses may at least partially contribute to the pathogenesis of fructose-induced insulin resistant syndrome (10) . The present study provides evidence to support the COX2-mediated low-grade inflammation and concomitant increase in oxidative stress are crucial for the development of fructose-induced insulin resistant syndrome.
Accumulating evidence suggests that COX2 may be differentially responsible for systemic PGE2 production and the generation of reactive oxygen species (ROS) (19, 23, 34) . The present result showed that co-treatment with nimesulide or celecoxib significantly suppressed fructose-induced increase in oxidative stress indicating by decreasing time-dependent increase in oxidative stress in fructose-fed rats. Oxidative stress has been proposed to causally link to the development of insulin resistance (8) , and conversely, increases in prostaglandins of the E series are known to increase the sensitivity of glucose uptake to insulin in isolated, incubated skeletal muscle of the rats (20) . Therefore, the anti-oxidative effect of selective COX2-inhibitor seems to play a predominant role in the suppression of fructose-induced whole body and muscular insulin resistance.
Our observation showed that nimesulide and celecoxib both could significantly reverse fructoseinduced decrease in insulin-stimulated glucose uptake in soleus muscle. Soleus muscles are slow-twitch muscle fibers which usually account for ~50% or more of total muscle mass in humans and are more insulin responsive than fast-twitch fibers (2, 14, 21) . Our result indicates the importance of COX2-mediated low-grade inflammation on muscular insulin resistance in humans.
The present result showed that both nimesulide and celecoxib significantly attenuated fructose-induced increase in BP, implying that the involvement of COX2-mediated inflammatory response in the development of fructose-induced hypertension. This result is consistent with the above-mentioned study of Galipeau, et al. which showed the long-term inhibition of COX-2 downstream thromboxane synthase activation could prevent fructose-induced hypertension (10) . Moreover, the short-and long-term COX2 inhibition has been reported to reverse endothelial dysfunction in patients with hypertension. However, it has also been clarified that the deleterious cardiovascular profile of COX2 inhibitors can be accounted for by inhibition of COX-dependent prostaglandin synthesis, especially the prostacyclin production (23) . The clinical consequence of COX2 inhibition on the pathogenesis of cardiovascular diseases remains controversial and needs to be further investigated.
The limitation of this study is that the causal relationship between COX2-mediated downstream products such as ROS and PGE2 and fructose-induced insulin resistance remains elusive in the present study. It needs to be further investigated. The discrepancy of glucose metabolism between human and rats would, at least partially, influence the data.
In conclusion, the present study demonstrates that the COX2-mediated low-grade inflammation, especially through increase in oxidative stress significantly contribute to the development of insulin resistance in fructose-fed rats, suggesting that it may play a pivotal role in the pathogenesis of metabolic syndrome and T2DM in humans.
